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Abstract. Tulip poplar is an important component of the eastern deciduous forest and one of the few dif-
fuse-porous tree species with indeterminate apical growth in North America for which there are substan-
tial dendroecological data. This dendroecological study evaluated correlations between radial growth of
tulip poplar and monthly, seasonal, and annual climate variables and how these correlations varied across
time and spatial climate gradients. The strongest and most spatially consistent correlations were with cli-
mate variables related to site water balance, especially precipitation. Growth was positively correlated with
climate variables related to site water balance during the months of May through July of the year the
annual ring forms and during the previous year growing season and autumn. Growth was negatively cor-
related with prior year growing season maximum temperature, but positively correlated with prior winter
minimum temperature. There was some evidence of temporal variation in growth–climate associations
between 1900 and 2016, but the climate variables with the strongest associations were consistent across dif-
ferent time periods. Correlations with climate variables related to water stress increased from east to west
as precipitation decreased, but there was no spatial trend in correlations with growing season temperature
from north to south as temperature increases. Strength of positive correlations with winter temperature
increased from north to south. Growth of tulip poplar will likely be adversely affected if drought frequency
or severity increases during the twenty-first century. Increased winter temperature would likely have a
positive influence on growth during the subsequent growing season in some parts of the species range.
Radial growth of tulip poplar is most affected by climate conditions during a narrow time period early in
the growing season, similar to results obtained for multiple oak species and a few other diffuse-porous spe-
cies in eastern North America. Simulation modelers might consider the phenology of these correlations to
formulate more biologically realistic tree climate response functions.
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INTRODUCTION

The dominant natural vegetation in the eastern
United States is deciduous forest, including a
great diversity of angiosperm tree species and

some conifer species (Currie and Paquin 1987,
Dyer 2006). The moist-temperate forests of this
region provide important wildlife habitat and
ecosystem services, and are a major source of
raw material for various industries. Mature
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moist-temperate forests such as these also have
some of the highest carbon stores of any forest
type in the world (Keith et al. 2009). The ability
of these forests to act as a carbon sink could be
reduced if climate change results in reduced tree
growth (Charney et al. 2016), or they could
become a source of CO2 emissions in the future if
climate change results in widespread tree mortal-
ity (Allen 2010, Anderegg et al. 2013, Williams
2013, Allen et al. 2015, Anderegg 2015).

Climate projections for the twenty-first century
in the eastern United States indicate that growing
season temperature will increase, precipitation
may slightly increase or decrease (depending on
region), and surface soil water availability will
decrease due to increased evapotranspiration
(USGCRP 2017). Drought frequency and inten-
sity are projected to increase due to increased
evapotranspiration (Cook et al. 2014, USGCRP
2017). More rainfall is projected to occur in
intense precipitation events (USGCRP 2017), dur-
ing which a greater proportion may be lost to
surface runoff rather than infiltrating into the soil
water reservoir. Given the importance of forests
in the eastern United States, it is critical to under-
stand the potential effects of these changes in cli-
mate on these ecosystems.

The changes in climate described above are
projected to occur within the lifespan of many
existing mature trees. The vast majority of den-
droecological studies done in eastern North
America have shown that drought stress reduces
tree radial growth (LeBlanc and Terrell 2009,
2011, Pederson et al. 2012a, b, LeBlanc and Stahle
2015, Martin-Benito and Pederson 2015, Maxwell
et al. 2016, D’Orangeville 2018, LeBlanc and Ber-
land 2019). Studies in other regions have also
linked severe heat and drought events to wide-
spread tree mortality (Allen 2010, Anderegg
et al. 2013, Williams 2013, Allen et al. 2015,
Anderegg 2015). A global study of forest vulner-
ability to drought found that 76% of tree species
evaluated from 81 sites worldwide had a narrow
safety margin for hydraulic failure due to
drought stress (Choat 2012). This vulnerability
was largely independent of current precipitation,
suggesting that all forest biomes may be vulnera-
ble to drought-induced growth decline and mor-
tality, including the relatively mesic eastern
deciduous forest. Adams et al. (2017) showed
that higher temperature resulted in greater

mortality associated with droughts. In addition,
drought stress can render trees more susceptible
to pests and pathogens, causing additional tree
mortality (Manion 1990, Wood et al. 2018). How-
ever, the effects of drought on tree growth and
mortality may vary among different species
(Cook et al. 2001, Fan et al. 2012).
Dendroecological analyses provide one

approach for assessing the sensitivity of tree spe-
cies on particular sites to climate stresses by
studying correlations between historical fluctua-
tions in climate and variation in tree radial
growth. Spatially replicated, strong correlations
between tree-ring width and climate variables
indicate tree species and site types for which cli-
mate is an important limiting factor to growth
(LeBlanc and Stahle 2015, Martin-Benito and
Pederson 2015, D’Orangeville 2018). Growth–cli-
mate correlation analyses that use monthly and
seasonal climate variables enable identification of
specific periods during the year when tree spe-
cies are more or less sensitive to climate stressors.
Forest simulation models that incorporate such
ecophysiological information could provide
more realistic predictions of climate change
impacts on tree species and forests.
Most dendroecological studies have focused

on conifer species in cold or semi-arid environ-
ments (Zhao et al. 2018). Studies of hardwoods
in the eastern United States have focused pre-
dominantly on ring-porous oak (Quercus) species
(LeBlanc and Terrell 2009, 2011, LeBlanc and
Stahle 2015, Martin-Benito and Pederson 2015).
A search of the International Tree-Ring Data
Bank (ITRDB) in 2018 identified only 23
chronologies for diffuse-porous tree species from
this region. If dendroecological studies of tree
growth–climate correlations are to be useful for
projecting forest response to future climate
change in the species-rich eastern deciduous for-
est of North America, a wider sampling of tree
species will be necessary (Alexander et al. 2019).
Tulip poplar (Liriodendron tulipifera L.) has dif-

fuse-porous wood anatomy and indeterminate
apical growth and differs in many ways from
more widely studied oak species that have ring-
porous wood and determinate apical growth
(Zimmerman and Brown 1971:47). The indeter-
minate pattern of continued growth into the lat-
ter months of the growing season may cause this
species to be more susceptible to late summer
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droughts than oaks, which have mostly ceased
shoot growth after July. The biological and eco-
logical differences between tulip poplar and the
more widely studied eastern oak species provide
an opportunity to explore the diversity of tree
growth responses to climate in the eastern Uni-
ted States.

Tulip poplar is an economically important,
fast-growing pioneer species found throughout
much of the eastern deciduous forest (Burns and
Honkala 1990). This species is characterized as
site-sensitive, meaning that it is most commonly
found on high-quality mesic sites. Canham and
Thomas (2010) found that tulip poplar had the
narrowest niche breadth of any of the 24 com-
mon tree species in their analysis of forests in the
eastern United States, with the greatest fre-
quency of occurrence at sites with warm average
annual temperatures and moderate rainfall. The
narrow habitat requirements for this species
could render mature trees susceptible to future
changes in climate conditions. Previous studies
have demonstrated that tulip polar was sensitive
to variation in climate conditions (Martin-Benito
and Pederson 2015, Maxwell et al. 2015, Maxwell
and Harley 2017, Helcoski et al. 2019).

A multispecies study of tree growth–climate
correlations in the eastern United States by Mar-
tin-Benito and Pederson (2015) included 15 sites
where tulip poplar was sampled, but the vast
majority of these sites were located east of the
Appalachian Mountains. A large-scale spatial
analysis of oak growth–climate associations in
eastern North America indicated that trees at
sites east of the Appalachians were less affected
by drought stress than trees at sites west of this
mountain range; this spatial variation was associ-
ated with a climate gradient of decreasing pre-
cipitation from east to west (LeBlanc and Berland
2019). The study presented here includes the data
from Martin-Benito and Pederson (2015) and
adds data from 30 more sites, most of which are
located in the drier region west of the Appalachi-
ans (McLaughlin et al. 1986, Maxwell and Harley
2017). This allows for an analysis of variation in
growth–climate correlations along both latitudi-
nal and longitudinal climate gradients. Hence,
the analyses presented in this paper constitute a
significant addition to current understanding of
tree growth responses to climate stresses in the
eastern United States.

The goal of this study was to characterize tulip
poplar radial growth responses to variation in
climate conditions and to evaluate spatial and
temporal variation in strength of these associa-
tions across geographic climate gradients. First,
we identified associations between radial growth
of tulip poplar and climate variables that are
likely to reflect cause–effect relationships. For
those climate variables that had the strongest evi-
dence for a cause–effect relationship with radial
growth, we evaluated spatial and temporal vari-
ation in the strength of growth–climate associa-
tions across substantial climate gradients to test
the following hypotheses: (1) Strength and spa-
tial consistency of correlations between radial
growth and site water balance variables will
increase from southeast to northwest along a gra-
dient of decreasing precipitation, (2) strength
and spatial consistency of correlations between
radial growth and summer maximum tempera-
ture will increase from north to south along a lat-
itudinal gradient of increasing temperature, and
(3) the strength of growth–climate associations
will vary over time at locations where climate
conditions have varied, increasing where climate
has become more stressful and vice versa.

METHODS

Sources of tree-ring data
Tree-ring data used in this study were

obtained from several sources. The FORAST
study (McLaughlin et al. 1986) attempted to
obtain a data from representative samples of
overstory trees from a large number of sites dis-
tributed across the eastern half of the United
States, excluding trees that were either obviously
damaged or that had experienced substantial
release from competition in recent years. Most of
the sites sampled for the FORAST study were
second-growth forests where overstory trees
were mostly less than 100 yr old. Most of the
other data used for the current study were
obtained for paleoclimate reconstruction of his-
torical climate. Sampling for such studies gener-
ally focuses on canopy trees in forests believed to
contain old trees to obtain the longest possible
tree-ring chronologies. Most of these data collec-
tions were developed by the authors of this study
or obtained from the ITRDB in 2018. Pederson
et al. (2012a, b) compared growth–climate
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correlations between chronologies developed
from selectively sampled trees in old-growth for-
ests and those from nearby randomly sampled
second-growth forests and found only small dif-
ferences. Hence, this analysis combined data
from these various sources to obtain a suffi-
ciently large data set to evaluate spatial variation
in growth–climate correlations of tulip poplar
across climate gradients in the eastern United
States (Fig. 1).

Tree-ring chronology development
Increment cores from newly collected sites

were visually cross-dated to assign each annual
ring to the calendar year it was formed. Tree-ring
widths were measured to 0.001-mm precision.
Cross-dating and measurement data quality
were evaluated using the program COFECHA
(Holmes 1983). Cross-dating of tree-ring data

downloaded from the ITRDB and previously
published data was also verified.
Ring width chronologies for individual cores

were processed using ARSTAN (Cook 1985) to
produce a mean tree-ring index chronology for
each site. A 50-yr smoothing spline was used to
remove long-term trend, and temporal autocor-
relation was removed from each individual core
chronology. The 50-yr spline was chosen to facili-
tate comparisons with a large oak dendroecologi-
cal database (LeBlanc and Terrell 2009, 2011,
LeBlanc and Stahle 2015, LeBlanc and Berland
2019). A robust bi-weight mean was used to
average by year the index chronologies for 8–22
trees sampled from a site to produce a residual
(RES) tree-ring index chronology for each site.

Climate data
Data for monthly mean temperature (T), maxi-

mum temperature (MxT), minimum temperature
(MnT), precipitation (P), and Palmer drought
severity index (PDSI, sometimes abbreviated to
D for variable names) for the eastern United
States were obtained from the National Climate
Data Center (NCDC 2018). Data values were
averages for weather recording stations within
state climate divisions (SCDs). Mean monthly
temperature and precipitation data were used to
calculate potential evapotranspiration (PE) and
actual evapotranspiration (AE) using a modified
Thornthwaite-Mather algorithm (LeBlanc and
Terrell 2001). Site water balance was evaluated
by the ratio of precipitation to potential evapo-
transpiration (P:PE) and the ratio of actual to
potential evapotranspiration to potential evapo-
transpiration (AE:PE). Monthly climate data
were used to compute seasonal climate variables
for prior summer (pSm, June–August of the year
prior to annual ring formation), prior autumn
(pAt, September–November), prior winter (pWn,
December–February), spring (Spr, March–April),
and early growing season (Sm, May–July of the
year the annual ring formed).

Analyses of radial growth–climate associations
Pearson’s product–moment correlations were

computed for the association between tulip
poplar residual chronologies and the monthly
and seasonal climate variables described above.
Variables included monthly climate variables for
June of the year before annual ring formation

Fig. 1. Map of site locations where tulip poplar was
sampled within the range of the species in eastern
North America (gray shaded area). Filled circles indi-
cate sites where the tree-ring chronology was suffi-
ciently long to justify analysis of temporal variation in
growth–climate associations.
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through September of the year the annual ring
formed and the seasonal climate variables
described above. Correlations were also com-
puted for annual climate variables, based on data
for prior June through current year September.
We chose this time span for annual variables
because it combines the lagged effects of prior
growing season conditions with direct effects of
current growing season conditions.

The analysis of growth–climate correlations
involved a large number of climate variables,
each with its own correlation coefficient and test
of significance. With a nominal type I error rate
of a = 0.05 applied to the correlation analysis for
each climate variable, there was a high probabil-
ity of identifying apparently significant correla-
tions that were attributable to random chance. In
this study, we focused on those climate variables
that were significantly correlated (P ≤ 0.05) with
radial growth indices at 7 or more of the 45 sites.
Based on a binomial distribution (n = 45,
P = 0.05), if X = 7 or more out of n = 45 sites had
a significant correlation with one of the monthly
variables, the overall type 1 error rate for that cli-
mate variable would be ≤0.05.

When growth is strongly correlated with one
climate variable, this can sometimes obscure
associations with other climate variables in a
simple univariate correlation analysis. Seasonal
climate variables that met the spatial replication
criterion described above were entered into a for-
ward selection stepwise regression model. An
initial analysis that included all seasonal vari-
ables that met the spatial replication criterion
revealed substantial multicollinearity among the
growing season variables for P, MxT, PDSI, and
P:PE. Since the variables PDSI and P:PE are com-
puted from precipitation and temperature, the
regression analysis was performed using only
the simpler P and MxT variables. A significance
level P ≤ 0.05 was required for variables to enter
and be retained in the regression model.

Paired t-tests (by site) were used to compare
the strength of growth–climate correlations
between different climate variables. While Pear-
son’s product–moment correlations are not nor-
mally distributed, the sample size of n = 45 sites
allowed for the central limit theorem to apply.
Therefore, the sampling distribution for the mean
of the paired differences could be assumed nor-
mal. Hence, the correlation coefficients were not

transformed, allowing the mean of the paired
differences to be more easily interpretable.

Selection of climate variables
Because this study included 154 climate vari-

ables (7 different variables for 22 months or sea-
sons), the first step in the analyses was to
determine which climate variables were best
associated with radial growth of tulip poplar so
that further analyses could focus on a smaller
number of variables. Evaluation of climate vari-
ables was based on spatial replication of correla-
tions among the 45 study sites and the mean
strength of statistically significant correlations.
This evaluation was based on all available data
for each of the sites.
The strongest and most spatially replicated

growth–climate correlations were with climate
variables for the months May–July of the current
year when the annual ring was formed
(Appendix S1: Figs. S1, S2). There was little evi-
dence that radial growth of tulip poplar was
affected by growing season climate conditions after
July of the current year. Climate variables for prior
year late summer, autumn, and winter months
were also correlatedwith growth of tulip poplar.
The strength and spatial replication of

growth–climate correlations were generally simi-
lar or stronger for seasonal climate variables
compared to correlations with monthly climate
variables (Appendix S1: Figs. S1, S2). Hence, only
correlations with the smaller number of seasonal
variables were included in further analyses of
temporal and spatial variation in growth–climate
associations. Correlations with growing season
temperature were more spatially replicated for
maximum temperature variables compared with
mean and minimum temperature variables
(Appendix S1: Fig. S2). Correlations with prior
winter temperature were more spatially repli-
cated for mean and minimum temperature vari-
ables than maximum temperature.
Correlations with annual site water balance

variables (precipitation, PDSI, P:PE) were some-
what weaker than correlations with monthly and
seasonal variables, but had similar spatial repli-
cation (Appendix S1: Fig. S1). Correlations with
annual temperature variables were generally
weaker and not as spatially replicated as correla-
tions with monthly and seasonal variables
(Appendix S1: Fig. S2).
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On average, correlations with precipitation,
PDSI, and P:PE had similar strength and spatial
replication as correlations with the more complex
variables actual evapotranspiration and AE:PE
ratio (Appendix S1: Fig. S1). Therefore, only cor-
relations for the simpler precipitation, PDSI, and
P:PE variables were included in further analyses.

Temporal variation in climate and growth–climate
associations

Because the database of 45 sites included
chronologies that differed with regard to the
span of years included, the next question that
had to be addressed was whether the results of
growth–climate correlation analyses exhibit tem-
poral variation.

Temporal variation in those climate variables
that were most consistently correlated with tulip
poplar radial growth was evaluated for each
state climate division (SCD) using the slope of a
linear best fit line fit to the climate data, with
chronological year as the X-axis variable. Linear
trends were computed for three time periods: the
full period of the data (1900–2017), the period
1930–1980 for which all sites had tree-ring data,
and the period 1981–2017.

This analysis identified only modest trends in
climate variables across the full period of data
(1900–2017), but much stronger trends over
shorter periods (Appendix S1: Fig. S3). Early
growing season precipitation and PDSI exhibited
positive trends over the entire period of record
(Appendix S1: Fig. S3A, B). In contrast, summer
maximum temperature and winter minimum
temperature exhibited strong declining trends
from 1930 to 1980, which then reversed to posi-
tive trends from 1981 to 2017 (Appendix S1:
Fig. S3C, D). The strength and duration of the
post-1980 increasing trend were not sufficient to
cancel the amount of decline in temperature
observed over the 1930–1980 period. Across all
16 state climate divisions included in this analy-
sis, 76% of the top ten highest SmMxT values
occurred prior to 1981 and 51% of these hottest
years occurring during the common period
1930–1980.

To evaluate whether the results of growth–cli-
mate correlation analyses varied over these same
three time periods, growth–climate correlations
were computed for the full period of data for
each site, for just the period 1930–1980 common

to all sites, and for the period after 1980. Only 21
sites had sufficient tree-ring data for years after
1980 to be included in the latter analysis.
While there was some evidence of temporal

variation in growth–climate correlations, the
main results regarding which climate variables
were best associated with radial growth of tulip
poplar were similar across different time periods
(Appendix S1: Figs. S1, S2, S4). Correlations with
current growing season SmP, SmD, and SmMxT
had better spatial replication than all other cli-
mate variables for all three time periods, but cor-
relations with PDSI were less spatially replicated
during the period after 1980 (Appendix S1:
Figs. S1, S4). Also, correlations with PDSI for
months other than the earlier growing season
were not significant during the post-1980 period,
but were significant during the pre-1980 period.
The specific months when spatial replication

of correlations was greatest varied somewhat
between periods before and after 1980. Correla-
tions with August precipitation were significant
during the 1981–2017 period, but not the pre-
1980 period (Appendix S1: Figs. S1, S4). Correla-
tions with MxT were strongest for the May–July
period during 1930–1980 (r = �0.45), but after
1980 correlations with MxT were stronger for the
June–August period (r = �0.48) and were not sig-
nificant for the May–July period (Appendix S1:
Figs. S2, S4). Lastly, correlations with maximum
temperature during the prior year summer were
more spatially replicated for the period after
1980, but correlations with prior growing season
and autumn precipitation were better replicated
for the 1930–1980 period (Appendix S1: Figs. S1,
S2, S4). It is not clear whether these modest dif-
ferences between time periods reflect changes in
actual growth–climate relationships or just ran-
dom sampling variation between different time
periods.
To further examine whether climate–growth

associations were time-dependent, we used a
state-space model with time-varying parameter
regression and the Kalman filter (Kalman 1960).
The time-varying method with the Kalman filter
has been successfully used by others to examine
time dependency of climate–growth relation-
ships (Cook and Johnson 1989, LeBlanc 1993, Vis-
ser et al. 2010, Bishop et al. 2015). This analysis
was performed for 21 sites for which there was a
sufficient tree-ring data for years after 1980. Tree-
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ring index chronologies were the dependent vari-
able, and climate variables were the independent
variables. Only seasonal variables that were cor-
related with radial growth at ten or more sites
were entered in the Kalman filter analysis,
including pSmP, SmP, pSmD, SmD, SmMxT, and
WnMnT.

While the Kalman filter analyses identified
temporal variation in strength of some growth–
climate associations, this was not consistently
related to temporal trends in climate variables.
Temporal variation in growth–climate associa-
tions was identified at 11 of the 21 sites included
in the analysis, but for only 15 out of a total of
126 site 9 climate variable combinations evalu-
ated. Coincident with long-term temporal trends
of increasing summer precipitation and PDSI, the
strength of association between radial growth
and these variables became weaker at 7 of the 11
sites analyzed (Appendix S1: Fig. S5). However,
the strength of associations with these water bal-
ance variables increased over time at 4 sites, in
spite of the wetter conditions. At one site, the
association with winter minimum temperature
became slightly stronger over time, but there was
virtually no temporal trend in this climate vari-
able (+0.001°C per yr). Otherwise, there was no
evidence of temporal variation in strength of
associations with temperature. Taken together,
these results do not indicate a consistent pattern
of temporal variation in the strength of growth–
climate associations that might be related to
temporal trends in climate. Hence, all further
analyses of growth–climate associations were
based on data for the years 1930–1980 that were
common to all 45 study sites. This choice was
further justified by the need for experimental
control in analyses of spatial patterns in growth–
climate associations with regard to the time per-
iod used to compute growth–climate correlations
and climate summary statistics across all sites.

Analysis of spatial variation in growth–climate
associations

Analysis of spatial variation in the strength of
growth–climate correlations included only those
climate variables that met the spatial replication
criterion described above. The mean values for
each climate variable computed for the period
1930–1980 for each state climate division were
used to define spatial climate gradients. LeBlanc

and Berland (2019) analyzed the same climate
data used for this study and found that long-
term mean values for climate variables were
strongly correlated with the frequency of years
with extreme values that would likely be stress-
ful for trees. This strong correlation between
mean values and frequency of stressful years
allowed us to focus solely on spatial patterns in
the mean values.
We assessed spatial patterns in the strength of

the growth–climate correlations using global
Moran’s I (Dale and Fortin 2014). This statistic
evaluates the null hypothesis that values are dis-
persed randomly in geographic space. Moran’s I
value near 0 indicates a random pattern, while
positive values approaching 1 indicate spatial
clustering such that neighboring sites have simi-
lar values. In this case, a significant Moran’s I
result indicating spatial clustering would suggest
that the strength of the growth–climate correla-
tion is spatially patterned and that trees at neigh-
boring sites respond similarly to that climate
variable. We used a spatial weight matrix based
on four nearest neighbors, which resulted in a
mean distance of 113 km between neighboring
sites. For those variables that exhibited signifi-
cant spatial clustering, we assessed the nature of
spatial variation using Spearman’s rank correla-
tion between the strength of growth–climate cor-
relations and site latitude (south to north),
longitude (east to west), latitude/longitude
(southwest to northeast), and latitude 9 longi-
tude (southeast to northwest). Spearman’s corre-
lation was used instead of Pearson’s product
moment correlation because the growth–climate
correlation values for the 45 study sites were not
always normally distributed.

RESULTS

Dendrochronological statistics for the 1930–
1980 period common to all sites indicate that
tulip poplar is responsive to climate and could
be useful for dendroclimatic analyses
(Appendix S1: Table S1). While significant tem-
poral autocorrelation was identified at all but
one site, for 76% of sites this was a simple first-
order process. Mean sensitivity indicated sub-
stantial year-to-year variation in ring width
(mean for 45 sites was 0.278, range: 0.20–0.384).
Mean between-tree correlation (r-bar) averaged
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0.481, with a range of 0.315–0.662. This indicates
that much year-to-year variation in radial growth
is shared among the trees sampled at a site.

Radial growth of tulip poplar was positively
correlated with early growing season (May–July)
site water balance variables at more than 85% of
study sites (Fig. 2). The strength and spatial
replication of correlations with early growing
season precipitation, PDSI, and P:PE were simi-
lar. PDSI and P:PE ratio both reflect the balance
between precipitation inputs and atmospheric
evaporative demand. However, PDSI is a stan-
dardized index that reflects annual deviations
from long-term average conditions at each site.
The P:PE ratio is not standardized and is an

absolute measure of the balance between soil
water inputs and outputs. For this reason, only
correlations with P:PE ratio were analyzed for
spatial patterns along climate gradients.
Growth was negatively correlated with early

growing season mean and maximum tempera-
ture, but positively correlated with minimum
temperature (Fig. 2). Negative correlations with
SmMxT were more spatially replicated and
stronger than correlations with SmT (paired
t-test, mean difference: 0.069, P < 0.001; Fig. 2).
Correlations with SmMnT were not as spatially
replicated as those with SmT and SmMxT. Posi-
tive correlations with SmMnT and negative cor-
relations with SmMxT were mostly spatially

Fig. 2. Growth–climate correlations for seasonal climate variables using data for the common period 1930–
1980. Histogram bars represent the percentage of 45 study sites where significant correlations (P < 0.05) were
observed. Plot symbols indicate the absolute value for the mean of significant correlations, calculated only for
those climate variables that had significant correlations at 7 or more sites (indicated by the horizontal line). Filled
symbols indicate positive average correlations, and open symbols indicate negative average correlations.
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distinct; only two of 45 sites had significant cor-
relations with both of these variables. Positive
correlations with SmMnT were observed only at
northeastern sites. Negative correlations with
SmMxT were observed at most sites west of the
Appalachian Mountains and several sites in the
east.

Positive associations between growth and
early growing season precipitation were stronger
and more spatially replicated than negative asso-
ciations with maximum temperature during the
same season. Positive correlations with SmP
were observed at 43 of 45 sites, while negative
correlations with SmMxT were observed at only
22 sites (Fig. 2). The mean significant correlation
with SmP was 0.20 greater than the mean corre-
lation with SmMxT (paired t-test, P < 0.001).
Only at two sites in Tennessee were correlations
with SmMxT slightly stronger than correlations
with SmP. Current summer precipitation entered
multiple regression models as the first or only

variable at 37 of 45 study sites, with a positive
coefficient and a mean adjusted partial R2 = 0.30
(range: 0.13–0.51; Fig. 3, Appendix S1: Table S2).
Summer maximum temperature entered regres-
sion models for only 6 sites and failed to attain
the spatial replication criterion. Taken together,
these results indicate that direct temperature
effects on growth of tulip poplar are much
weaker than effects of site water balance.
Radial growth was positively correlated with

all three temperature variables for the winter
prior to the growing season the annual ring was
formed (Fig. 2). Average significant correlations
were similar among the three different winter
temperatures, but correlations with winter mini-
mum temperature were more spatially repli-
cated. Prior winter minimum temperature
entered multiple regression models for 17 sites,
with a positive coefficient and a mean adjusted
partial R2 = 0.08 (range: 0.04–0.18; Appendix S1:
Table S2). Of the 10 sites where significant

Fig. 3. Order of entry for seasonal climate variables entered into forward selection multiple regression models.
The category “Only” indicates that a variable entered as the first and only significant variable to enter the model.
The category “1st” indicates that the variable entered first in a multiple variable model. The category “2nd” indi-
cates that the variable entered second in a multiple variable model, and so on. No. sites refers to the number of
sites where a variable entered the regression model out of the 45 study sites. See Appendix S1: Table S2 for
detailed results from the multiple regression analyses.
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correlations with pWnMnT were observed, only
7 retained a significant multiple regression coeffi-
cient. However, the regression analysis identified
significant positive associations with winter tem-
perature at 10 additional sites where the correla-
tion was not significant.

Growth of tulip poplar was positively corre-
lated with prior growing season and prior
autumn precipitation, PDSI, and P:PE and nega-
tively correlated with prior growing season max-
imum temperature (Fig. 2). However, these
correlations with prior growing season climate
variables were not as strong or spatially repli-
cated as correlations with corresponding current
growing season variables. Prior growing season
MxT and P entered regression models at 10 and 9
sites, respectively. These two variables never
entered the same regression model, so significant
associations with prior growing season climate
were identified at a total of 19 sites. Prior autumn
precipitation entered regression models for 8
sites, in all cases as the second variable to enter
(Appendix S1: Table S2).

Analysis of spatial variation in growth–climate
associations

Growth–climate correlations with early grow-
ing season climate variables exhibited significant
spatial clustering, including correlations with
precipitation (Moran’s I = 0.34, P < 0.0001), P:PE
ratio (I = 0.32, P = 0.0002), and maximum tem-
perature (I = 0.21, P = 0.0136). The strength of
positive growth–climate correlations with water
balance variables increased from southeast to
northwest (SmP q = 0.52, P < 0.001; SmPPE
q = 0.47, P = 0.001; Fig. 4A, B). These stronger
growth–climate correlations were spatially asso-
ciated with lower mean SmP and SmPPE
(Fig. 5A, B). Three sites in mountainous terrain
of West Virginia and North Caroline had moder-
ately strong correlations with SmP and SmPPE,
in spite of having the highest values for these
water balance variables in our database (Fig. 5A,
B). Given their location, this may be due to local
soil conditions that restrict soil water-holding
capacity, making the trees more dependent on
current rainfall. Removal of these outliers had
minimal effect on the value of Spearman’s rho
that quantified the strength of the dose–response
association. The strength of negative correlations
with SmMxT increased from east to west

(q = 0.41, P = 0.005), but was not associated with
the latitudinal temperature gradient (Fig. 4C).
These stronger negative correlations were spa-
tially associated with higher mean SmMxT
(Fig. 5C).
Positive growth–climate correlations with

prior year late growing season climate variables
related to site water balance exhibited spatial
clustering, including correlations with prior
autumn precipitation (Moran’s I = 0.51,
P < 0.0001) and P:PE (I = 0.56, P < 0.0001). Cor-
relations with these climate variables were
observed at relatively few sites mostly in the
northwest part of the study region. This spatial
pattern for correlations with prior year growing
season variables (data not shown) was similar to
that for early growing season water balance vari-
ables for the current year, shown in Fig. 4A, B.
Positive growth–climate correlations with

prior winter minimum temperature exhibited
significant spatial clustering (Moran’s I = 0.305,
P < 0.001, Fig. 4D). The strength of this correla-
tion increased from north to south (q = 0.44,
P = 0.003) and from northwest to southeast
(q = 0.53, P < 0.001). All sites with significant
correlations with pWnMnT except one were
located in the southern half of the study region.
Six of ten sites where a positive association with
pWnMnT was observed were in the southern
Appalachian Mountains, at elevations 600–
1500 m. The other four sites were north and west
and at elevations 270–300 m. Stronger positive
associations with pWnMnTwere spatially associ-
ated with warmer winter temperatures (Fig. 5D).

DISCUSSION

The results of growth–climate correlation anal-
yses indicate that radial growth of tulip poplar is
most strongly influenced by site water balance
during early growing season of the year the
annual ring is formed. Similar findings were
reported by Martin-Benito and Pederson (2015),
D’Orangeville (2018) and Helcoski et al. (2019).
Limited published information about the season-
ality of tulip poplar radial growth indicates that
the majority of radial growth is completed by the
end of July, although some growth may continue
through August (Jacquart et al. 1992, McLaugh-
lin et al. 2003). Hence, it is reasonable that condi-
tions during May–July would exert the strongest
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influence on growth increment and conditions
after July of the current year would have less or
no influence.

Tulip poplar radial growth was correlated with
variables associated with drought across almost
all 45 sites included in this study, even though
many of these sites were located in more mesic
environments east of the Appalachian Moun-
tains. In contrast, analyses of growth–climate
correlations for oak (Quercus spp.) by LeBlanc
and Terrell (2009, 2011), LeBlanc and Stahle
(2015) and LeBlanc and Berland (2019) using
chronologies from some of the same mesic stands
where tulip poplar was sampled showed mostly
weak or nonsignificant correlations with drought
variables. Elliott et al. (2015) also found that dif-
fuse-porous tree species, including tulip poplar,

had a greater range of growth response to cli-
mate variation than oak species in the same land-
scape. However, D’Orangeville (2018) found
limited evidence for interspecific variation in
growth responses to drought among 24 species
in eastern North America. The results of the pre-
sent study indicate that tulip poplar may be
equally or more useful for dendroclimatological
studies than oak species that have been more
widely used in to reconstruct historical drought
in eastern North America. A few multi-centen-
nial tulip poplar chronologies from sites in the
eastern United States have already used for this
purpose (Pederson et al. 2012a, b, 2013, Maxwell
et al. 2015, 2016, Maxwell and Harley 2017).
The phenology of growth–climate correlations

for tulip poplar, which has indeterminate apical

Fig. 4. Spatial patterns in growth–climate correlations for summer precipitation (A), summer P:PE ratio (B),
summer maximum temperature (C), and winter minimum temperature (D). Map shading indicates the mean for
the climate variable for the period 1930–1980. Plot symbol shape and color indicate the direction and strength of
association between radial growth and climate variable. Circles indicate sites where the correlation was not sig-
nificant (P ≤ 0.05) and squares where the correlation was significant.
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growth and diffuse-porous wood anatomy, was
similar to results obtained for ring-porous oak,
hickory (Carya), and ash (Fraxinus) species, dif-
fuse-porous red maple (Acer rubrum), and sugar
maple (A. saccharum), and many other tree spe-
cies growing in the eastern United States (Cook
et al. 2001, LeBlanc and Terrell 2009, 2011,
LeBlanc and Stahle 2015, Martin-Benito and Ped-
erson 2015, Lockwood and LeBlanc 2017, D’Or-
angeville 2018, Alexander et al. 2019, Helcoski
et al. 2019, Maxwell 2019). Most of these other
species have determinate apical growth. In all
cases, radial growth was positively correlated
with May–August precipitation and PDSI and
negative correlations with temperature during
the same months. Hence, even though tulip

poplar may continue apical growth and leaf
expansion throughout the growing season, cli-
mate in late summer appears to have weak or no
influence on radial growth. While some of these
studies documented interspecific variation in
growth–climate correlations for months during
the prior year and spring, these associations were
often weaker than those for the current growing
season. Where multiple species were sampled
from the same stand, the strength of growth–cli-
mate correlations was generally higher for tulip
poplar compared with other diffuse-porous spe-
cies (Elliott et al. 2015, Martin-Benito and Peder-
son 2015, Maxwell 2019). This is particularly true
when compared to bigtooth aspen (Populus gran-
didentata), which had a very weak climate
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response (Maxwell 2019). However, the growth–
climate associations of this diffuse-porous
species were based on data from a single site,
making it difficult to extrapolate to other sites
within the species range. Like Zhao et al. (2018),
we recommend that future dendroecological
research includes a wider diversity of tree spe-
cies, particularly diffuse-porous species, sampled
at a greater number and diversity of sites in east-
ern North America so as to better characterize
growth–climate relationships for hardwood spe-
cies in this region.

The results of this study indicate that annual
water balance variables may be sufficient to
model climate effects of drought on growth of
tulip poplar, but that seasonal temperature vari-
ables should be used to model direct temperature
effects on growth. Similar results were observed
for most, but not all, oak species studied by
LeBlanc and Terrell (2009), LeBlanc and Stahle
(2015) and for white ash (Lockwood and LeBlanc
2017). This difference in the phenology of correla-
tions between water balance versus temperature
variables is likely related to the capacity of soil to
store water, allowing rainfall during some
months to support radial growth during later
months.

Growth–climate correlations with variables
reflecting conditions during the prior year grow-
ing season were observed at a number of the
study sites, in spite of the fact that temporal auto-
correlation was removed from the tree-ring resid-
ual chronologies. Late growing season
conditions can influence bud formation and
starch storage and thereby influence radial
growth during the subsequent year, especially
for tree species that have performed shoot
growth (Kramer and Kozlowski 1979). Dendroe-
cological studies of other species in eastern North
America documented correlations with prior
growing season climate variables for some spe-
cies, but not others (LeBlanc and Terrell 2009,
2011, Bishop et al. 2015, LeBlanc and Stahle 2015,
Martin-Benito and Pederson 2015). Species with
sustained shoot growth, such as tulip poplar, can
continue to produce new foliage throughout the
growing season (Zimmerman and Brown 1971).
However, this capacity to continue leaf produc-
tion in the latter half of the growing season does
not appear to influence current year ring width,
since correlations with late summer climate

variables were not spatially replicated. However,
late-season shoot growth may contribute to
starch reserves that support growth the follow-
ing year, resulting in the correlations with prior
growing season climate variables (Kannenberg
et al. 2019).
Multiple studies in North America and Europe

have observed positive correlations between
radial growth of a deciduous tree species and
winter temperature variables, but elucidating the
biological mechanism for this association
requires further study (Pederson et al. 2004, Mar-
tin-Benito and Pederson 2015, Rohner et al. 2016,
Weigel et al. 2018, Alexander et al. 2019). While
positive correlations with winter temperature
were not widespread, there was sufficient spatial
replication to make mere coincidence an unlikely
explanation. Our study found greater evidence
for positive correlations with winter temperature
at sites near the warmer range limit of the spe-
cies, while other studies found similar correla-
tions at sites nearer the colder range limit. This
variability of winter temperature correlations
among studies and among sites within the same
study suggests that local site characteristics (Wei-
gel et al. 2018) or subregional conditions (Peder-
son et al. 2004) may influence tree sensitivity to
winter temperature. Possible mechanisms for
winter temperature effects on radial growth of
dormant deciduous trees during the following
growing season include influences on bud burst
and leaf-out (Caffarra and Donnelly 2011) or
damage to fine roots associated with soil freezing
or frost heaving under diminished snowpack
(Tierney et al. 2001, Comerford et al. 2013, Rein-
mann and Templer 2016). Given projections for
increased winter temperatures associated with cli-
mate change (USGCRP 2017), the association
between deciduous tree growth and winter temper-
ature variables is worthy of further investigation.
While some studies have documented coinci-

dent temporal variation in climate and tree
growth–climate correlations in eastern North
America over recent decades, the results of our
study did not find a consistent relationship
between temporal variation in tulip poplar
growth–climate associations and trends in cli-
mate variables. Climate has become wetter after
1980 in the northeast United States and parts of
the Ohio River Valley (Ficklin et al. 2015), with
increased daily rainfall during the growing
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season between 1990 and 2013 (Bishop and Ped-
erson 2015). Others have reported increased rain-
fall throughout the northern half of the eastern
United States, while drought frequency has
increased in the southeastern states (USGCRP
2017). Temporal trends of increasing precipita-
tion and PDSI were also found in the climate
data used in the current study. Based on a mov-
ing window correlation analysis, Maxwell et al.
(2016) and Helcoski et al. (2019) documented
weakened correlations between growth and
growing season PDSI after 1970 that was consis-
tent across multiple tree species and sites. Max-
well et al. (2016) and Helcoski et al. (2019)
concluded that wetter climate conditions after
1970 had resulted in weaker correlations between
tree growth and climate variables. The results of
the Kalman filter analyses presented here found
a similar decrease in the strength of associations
with variables related to growing season water
balance at some sites. However, at other sites the
strength of this association increased in spite of
wetter conditions. Additional studies that
include multiple sites that span significant spatial
climate gradients are needed to better under-
stand how climate change will influence tree
growth responses to climate stresses.

Spatial variation in the influence of growing
season water balance and temperature variables
on radial growth was generally consistent with a
spatial climate gradient of decreasing precipita-
tion and P:PE from southeastern to northwestern
parts of the species range. The east–west pattern
of spatial variation in strength of correlations
with early growing season maximum tempera-
ture was perpendicular to the north–south spa-
tial gradient for this climate variable. This
suggests that the influence of growing season
temperature is mediated only indirectly through
its effect on site water balance. High summer
temperature would be more stressful in the west-
ern part of the species range where growing sea-
son precipitation and P:PE are lower and
droughts are more frequent. Most tree species
respond to drought stress by closing leaf stomata
to reduce evapotranspiration water loss, which
temporarily reduces carbon uptake and photo-
synthesis. This may also result in irreversible
damage to leaves that overheat due to limited
evaporative cooling, especially if drought is coin-
cident with above-average temperature

(Hamerlynck and Knapp 1996). Tulip poplar
often responds to drought stress by prematurely
dropping foliage, thereby reducing demand for
evapotranspiration (Kramer and Kozlowski
1979). However, this also results in loss of photo-
synthetic leaf area. The consistent correlation
between tulip poplar radial growth and early
growing season site water balance variables may
be caused in part by foliar damage or leaf loss
during droughts that limits subsequent carbon
uptake, even if drought conditions were amelio-
rated by rainfall later in the growing season.
While radial growth of tulip poplar is mostly

affected by climate conditions during the early
growing season when radial growth occurs, this
species may still be vulnerable to projected cli-
mate change that could cause more frequent late
summer droughts (USGCRP 2017). The correla-
tions with prior growing season climate variables
documented here suggest that late summer
droughts could affect starch storage or bud set
and cause reduced growth during the following
growing season (Helcoski et al. 2019, Kannen-
berg et al. 2019).
Observational correlation studies, such as the

study reported, here cannot provide conclusive
evidence of cause–effect relationships between
variation in climate variables and the growth
responses of tree species. However, the spatial
replication of the growth–climate correlations
observed in this study, the well-documented bio-
logical mechanism by which site water balance
and temperature affect plant physiology and
growth, and the dose-dependent response pat-
tern of increasing strength of correlations along
climate gradients of increasingly stressful condi-
tions provide strong evidence that these correla-
tions reflect cause–effect. Hence, we believe that
our results provide useful information for those
who work to improve the biological realism of
forest simulation models.
Iverson (2017) compared projections of climate

change effects on abundance of common tree
species in central and northeastern regions of the
eastern United States among distribution mod-
els, process models, and landscape models.
While the projections from these very different
models were consistent for many tree species, the
results for tulip poplar were not. Under the same
climate change scenario for the same subregion,
some models projected large increases in tulip
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poplar abundance, while others projected small
decreases. Similar mixed results were presented
for projected abundance of suitable tulip poplar
habitat in Indiana, Illinois, and Missouri
(Brandt et al. 2014). None of these model pro-
jections addressed the question of how climate
change in the next 100 yr will affect existing
mature trees.

The results of this dendroecological study pro-
vide spatially explicit information about where
and to what degree existing tulip poplar popula-
tions in the eastern United States may be sensi-
tive to climate change in the twenty-first century.
Tulip poplar is sensitive to low soil water avail-
ability during the early growing season, espe-
cially in the region west of the Appalachian
Mountains, but may not suffer direct effects from
increasing temperature. Anecdotally, a 1999
drought was associated with widespread mortal-
ity of tulip poplar in Indiana, located within this
western region (Chaney 2000). Hence, if climate
change in the coming decades reduces soil water
availability during the growing season, as pro-
jected (USGCRP 2017), tulip poplar productivity
and mortality in the affected regions will be
adversely impacted. Given the abundance and
rapid growth of tulip poplar in the eastern Uni-
ted States, these adverse effects could have a sub-
stantial impact on forest carbon sequestration in
this region.
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